There is little consensus about measurement of physical activity in adults with muscular dystrophy. This systematic review summarizes evidence for measurement properties of direct and indirect measures of physical activity in adults with muscular dystrophy. A two-phase search for peer-reviewed articles identified firstly, studies which measured physical activity in this population and secondly, studies reporting the measurement properties of activity measures. Methodological quality was assessed using COSMIN guidelines and a best evidence synthesis conducted. Phase 1 included 53 studies identifying 63 measures including accelerometers, direct observation, heartrate monitors, calorimetry, positional sensors, activity diaries, single scales and questionnaires. Phase 2 included 26 studies of measurement properties for 32 measures. Methodological quality of the included studies was low, only 2 were rated good. There was insufficient evidence to robustly recommend any physical activity measures and further research is required to validate measures of physical activity for adults with muscular dystrophy. Based on the findings of this review, measures with potential for further study have been highlighted. Figure 2. Framework of measurement characteristics and measurement properties. Diagram created by author (SRL) based on COnsensus-based Standards for the selection of health Measurement INstruments (COSMIN) checklist [28] and manual taxonomy and definitions [10]
Introduction
The aim of this review was to appraise measures of physical activity for the assessment of adults with muscular dystrophy. Effective physical activity measurement is important to evaluate outcomes in randomised controlled trials (RCTs), to monitor disease progression and to make recommendations for optimising physical activity [1] . For adults with muscular dystrophy, physical activity has been linked to health benefits, such as improved fitness and self-management [2, 3] . However, more research reporting quantified physical activity levels is required to determine optimal activity for adults with muscular dystrophy and to evaluate potential risks, such as exercise-induced damage to dystrophic muscle [4, 5] . Diagram created by author (SRL) based on common clinical practice and physical activity measurement analysis frameworks applied in the literature [8, 9] Physical activity is defined as behaviours involving bodily movements and energy expenditure [6, 7] . Measurement of physical activity can be defined using a well-recognised conceptual framework [8, 9] which considers Frequency, Intensity, Timing and Type (FITT) of activity or overall measurement encompassing these parameters (see Figure 1 ).
The qualities of measurement tools can be defined in terms of measurement characteristics and properties, according to the COnsensus-based Standards for the selection of health Measurement INstruments (COSMIN) taxonomy [10] (see Figure 2 ). Measurement characteristics (generalizability and interpretability) of physical activity measures are variable because they depend on population and setting, and because there are numerous diverse ways to measure physical activity. These include indirect self-report tools, such as diaries and questionnaires, and direct tools which record the physiological consequences of activity, including bodily movements, metabolism and cardio-respiratory responses [11, 12] . The characteristic pros and cons of these measurement tools (such as ease of use, burden, range and ability to capture FITT parameters) have been discussed in healthy individuals [8, 12, 13, 14 ,15] older adults [9], wheelchair users [16] and people with neuromuscular diseases [17] . However, it is not known which measures might be most suitable for the assessment of physical activity specifically in adults with muscular dystrophy which is characterised by progressive weakness, heterogeneous presentations and variable function. It is therefore important to ascertain the generalizability and interpretability of physical activity measures in adults with muscular dystrophy to aid selection of appropriate measurement tools.
The measurement properties (reliability, responsiveness and validity) of physical activity measures have also been investigated in multiple studies in various populations, including other neurological, rheumatological, oncological or pulmonary conditions and healthy, elderly, disabled or cognitively impaired individuals [9, 12, 13, 17 ]. However, cumulative evidence is inconclusive due to conflicting reports, varied study design, diversity of measures and lack of consensus about gold standard criterion measures. Furthermore, reliability, responsiveness and validity of physical activity measures established in other populations may not be transferable to adults with muscular dystrophy who may have very different muscle, metabolic and cardiac functioning [18, 19, 20, 21] . Thus, the measurement properties of physical activity measures when used with adults with muscular dystrophy remain unclear. To the authors' knowledge, this is the first review to examine population specific evidence for the reliability, responsiveness and validity of physical activity measurement in adults with muscular dystrophy.
The objectives of this review were, firstly, to identify direct and indirect physical activity measures used to assess adults with muscular dystrophy in a range of study designs and to describe their generalizability and interpretability. Secondly, to appraise the evidence of reliability, responsiveness and validity for physical activity measures in studies which included adults with muscular dystrophy. Finally, based on a narrative synthesis, to make recommendations, where possible, for the selection of suitable physical activity measurement tools for use with adults who have muscular dystrophy.
Methods
The protocol was registered on PROSPERO in July 2017 (Registration Number CRD42017070514) and follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines [22].
Search
The search was conducted in 2 phases. Phase 1 was designed to identify physical activity measures used to assess adults with muscular dystrophy and to describe their generalizability and interpretability. Phase 2 was designed to identify and appraise evidence for their reliability, responsiveness and validity.
In July 2017 (phase 1) and January 2018 (phase 2) the following databases were searched: Medline Journals @ Ovid Full Text. In phase 1, Ovid search terms were expanded from 'muscular dystrophy', 'physical activity' and 'measure'. In phase 2, the search strategy was informed by the previous search results and additional 'measurement property' search terms were added. (For full search see supplementary material appendix I.)
Study Selection
Studies were selected by 3 reviewers using the eligibility criteria listed in Table 1 . (In phase 1: SRL and CW (10% sample); in phase 2: SRL, FS and CW (10% sample)). Disagreements were resolved by consensus discussion at this stage and throughout (arbitrated by CW).
Studies of any design were included if they had measured physical activity in any adult(s) with muscular dystrophy. Only studies where the measurement of activity spanned more than 10 minutes were included as shorter bouts of activity are not considered to contribute to recommended daily activity tallies [23, 24, 25] . The FITT framework (see Figure 1 ) was applied to ensure that only those intending to quantify physical activity overall or in 3 or more FITT parameters were included. When several reports pertained to the same study, the most recent or comprehensive article in terms of physical activity measurement was selected. In phase 2, inclusion was further limited to full text articles that evaluated reliability, Journal of Physical Activity Research 3 responsiveness and validity. A scarcity of physical activity measurement evaluation studies in adults with muscular dystrophy was anticipated. So, inclusion encompassed not only studies that overtly reported validity, reliability and responsiveness but also those that included hypothesis testing which incidentally indicated measurement properties of physical activity measures.
Data Extraction
The data extraction form was developed a priori, customised from previously published extraction tools [26, 27] (see supplementary material appendix II). In phase 1, descriptive data were extracted by a single reviewer (SRL). In phase 2, 2 reviewers (SRL and FS) independently extracted the data.
Methodological Quality
In phase 1, methodological quality assessment was unnecessary because data were descriptive only. In phase 2, methodological quality was independently assessed by 2 reviewers (SRL and FS) using the COSMIN guidelines [28] to rate evidence supporting measure reliability, responsiveness or validity as excellent, good, fair or poor.
Synthesis
In phase 1, physical activity measures identified were described, listed and categorised. Their generalizability was quantified in terms of number of studies, number of participants, demographics (including age range, gender, diagnoses and mobility) and environment. Their interpretability was considered in terms of FITT measurement scope (i.e. capture of how often and how long different activities were carried out for and at what intensity, for example light, moderate or vigorous), timeframe, mode, metric and range of scores. In phase 2, evidence, and its methodological quality rating, for the validity, reliability and responsiveness of physical activity measures was listed for each included study. A narrative synthesis was carried out, considering the strength and consistency of evidence. 
Intervention
Physical activity including free-living activities or prescribed exercise, lasting 10 minutes or more, where physical activity can be defined as:  "Behaviour that involves human movement, resulting in physiological attributes including increased energy expenditure and improved physical fitness" (page S11) [7] or  "Any bodily movement produced by skeletal muscles that requires energy expenditure beyond resting expenditure" (page 3109) [6] and "the execution of a task or action by an individual" (page 577) [121] No physical activity The following types of activities:  activity lasting less than 10 minutes (or for an undisclosed time period)  Activities during therapy sessions  Activities performed at relative rest (e.g. sleep or nocturnal movements, resting activity, mouth or tongue exercises, small muscle hand exercises and pulmonary muscle training)  Functional activity milestones (e.g. interval analysis of loss of ambulation)
Comparison and outcomes
Studies reporting measurement of physical activity. Measurement encompassing 3 or more FITT parameters by a battery of measurement approaches or encompassing overall physical activity measurement for: 
Results

Phase 1
Study selection is summarised in Figure 3a . Agreement between reviewers (SRL and CW) was 90% and 87% for abstract and full text screening respectively, with full agreement after consensus discussion. Included articles are listed and described in Table 2 ; 63 physical activity measures were identified (see Table 3 and 3a supplement).
Generalizability
Activity measurement was generalizable across gender, mobility from independent walking to wheelchair use, age range from teenager to elderly and amongst different muscular dystrophy diagnoses. Myotonic Dystrophy and Facioscapulohumeral Dystrophy were the most commonly assessed. Indirect measures were used to assess larger numbers of participants than direct measures, particularly standardised questionnaires (n=1567). Of the direct measures, the greatest number of participants were assessed using accelerometry (n=731 Free-living physical activity was most usually assessed, especially by questionnaires, diaries, continuous heartrate monitoring and accelerometry. However, prescribed activities were also assessed at home and in other environments, including the gym, sports pitch and laboratory, where activity was monitored by indirect calorimetry, periodic heartrate monitoring and some training logs.
The most generalizable tools within each category, used in the most studies and participants with the widest spectrum of demographics, included 2 standardised questionnaires (the International Physical Activity Questionnaire (IPAQ), the Physical Activity Scale for Individuals with Physical Disabilities (PASIPD)), activity logs, Polar heartrate monitors and triaxial, ankle accelerometers (although, the only accelerometer used to assess non-ambulant participants was wrist-worn [46]). [74] LGMD ( Journal of Physical Activity Research For full measure descriptions and categorizations, see Table 3a in the supplementary material.
Interpretability
Indirect measures collected activity spanning 3 days to a year (or lifetime), some in real-time, including activity diaries of 3 days to 6 months, and others by recall, including standardised questionnaires often over 7 days. Whereas, all direct measures recorded activity in real-time from 10 minutes to 6 months. Most recording periods lasted 1-14 days, except for direct observation, periodic heartrate monitoring and indirect calorimetry which were conducted over shorter timeframes of between 10-90 minutes. There was great variability in the metrics of activity measures, making it difficult to compare activity measurement ranges (see table 3 and 3a supplement).
Standardised questionnaires and diaries had the best scope to quantify discrete FITT parameters; whereas direct measures like accelerometry and energy expenditure calculations were usually concerned with overall physical activity.
Interpretability was boosted by using multiple physical activity measures in 32 included studies [29,32- 
Phase 2
Study selection is summarised in Figure 3b . Agreement between the 2 reviewers (SRL and FS) was 86%, 87%, 91% and 86% for abstract, full text screening, data extraction and COSMIN ratings respectively, with full agreement after consensus discussion. Evidence for the reliability, responsiveness and validity of 32 physical activity measures is listed in Table 4 (and 4a supplement). Only 5 included studies [42, 46, 47, 71, 75] had as their primary objective the evaluation of measurement properties of a physical activity measure; the remaining 21 articles were included for incidental measurement properties from hypothesis testing relating to other objectives. No studies were rated as excellent; 2 were rated as good [36, 42] , 12 as fair and 11 as poor. This was largely due to low sample sizes and incidental measure evaluation.
Reliability and Responsiveness
There was very little evidence for reliability or responsiveness testing of any physical activity measures. Of the indirect measures, there was good quality evidence of internal consistency of the PASIPD from an evaluative study including 372 participants, an estimated 7% of whom had muscular dystrophy [42] . There was fair quality evidence of internal consistency of the Physical Self-Description Questionnaire (PSDQ-S) from an evaluative study including 50 participants, 8% of whom had muscular dystrophy [75] . There was also incidental report of moderate to high test-re-test reliability of the Canada Fitness Survey (CFS) [43, 76] .
Of the direct measures, there was poor quality evidence of good test-re-test reliability of the StepWatch [71] accelerometer and moderate measurement error of Ubitrak (a Wi-Fi and GPS (Global Positioning System) movement tracker) [47] . There was poor quality, incidental evidence of inter-rater reliability between indirect calorimetry gaseous analysers, K4 b2c and Oxycon Mobiled [60] and responsiveness of a pedometer compared to the Physical Activity Scale for the Elderly was tenuously indicated, as neither detected significant changes in physical activity post intervention [41].
Validity
There was a small amount of evidence supporting the validity of 2 indirect measures (see table 4 ). The strongest evidence was for the PASIPD, which had good quality evidence of significant discriminative validity between extreme groups [42] and some incidental, consistent, fair quality evidence for concurrent validity [30, 32] . There was also fair quality evidence for convergent validity of the PSDQ-S activity subscale [75] . Based on incidental findings only, there was some cumulative evidence for 2 other questionnaires: The Bone-specific Physical Activity Questionnaire (BPAQ), which had consistent, fair quality evidence for discriminative validity [30,32] and convergent validity [32] and the IPAQ, which had good quality evidence for convergent validity [36] and mixed, poor quality evidence for [29] and against discriminative validity [31] . Evidence for the validity of other direct measures was even more sparse. However, incidental validity of diaries was tentatively indicated, including low quality evidence of discriminative validity for an activity diary [54, 55] and convergent validity of a training log [48] .
There was no good quality evidence supporting the validity of any direct measures. However, there was some collective, low-quality evidence concerning accelerometry and heartrate monitoring. There was cumulative, predominantly incidental, evidence of discriminative and convergent validity of accelerometry, which was stronger for triaxial accelerometers ( 
Discussion
The main finding of this systematic review is that physical activity has been measured in numerous and various ways in a range of 53 studies assessing adults with muscular dystrophy. There is no consensus about the most generalizable or interpretable activity measurement tools for this group. Furthermore, evidence is limited about measure reliability, responsiveness and validity for the assessment of physical activity in adults with muscular dystrophy. Only 5 studies overtly evaluated the measurement properties of physical activity measures and none have provided high quality evidence of reliability, responsiveness and validity.
Direct Measures
Despite the paucity of evidence for reliability, responsiveness and validity of direct measures of physical activity in adults with muscular dystrophy, tools like accelerometry and heartrate monitoring might have potential. As demonstrated in the literature [9, 14, 15, 16, 77] and by the studies identified in this review, accelerometry and heartrate monitoring are both fairly generalizable and interpretable. Accelerometry can capture free-living activity over the medium (days/weeks) to long-term (months) and can detect frequency, absolute intensity, and timing, also yielding an overall quantification of physical activity. Although accelerometry cannot discern relative exertion or type of activity, it is adaptable, relatively inexpensive, and unobtrusive. In terms of measurement properties, tentative construct validity of accelerometry has been indicated in this review, with the best evidence in support of triaxial devices. Multi-plane movement detection, although not integral for regular walking, may be more suited to irregular torsions [78] , characteristic of abnormal mobility in adults with muscular dystrophy [79]. Furthermore, for healthy people and those with chronic diseases, multiaxial devices have also demonstrated stronger criterion validity and lower measurement error than uniaxial devices [80] . Similarly, the triaxial GENEActiv has been validated over 6 minutes or less in adults with myotonic dystrophy [81] with construct validity supported incidentally in a high quality RCT [82] (too recent for inclusion in this systematic search) and the biaxial StepWatch has been extensively validated in ambulant people with Multiple Sclerosis, Parkinson's Disease and children with Duchenne's Muscular Dystrophy [71, 83, 84, 85] . In contrast, criterion validity was reportedly low and measurement error unacceptably high for the uniaxial Digi-walker over 2 minutes, in ambulant adults with neuromuscular diseases, including muscular dystrophy [86] . In this review, there was more evidence for generalizability of accelerometer placement on the ankle than the trunk or wrist, although it came only from ambulant participants; whereas, wrist placement better encompassed a range of mobility including wheelchair users [46] . In the literature, wrist accelerometry has been linked to non-ambulant assessment [87] and lower measurement error at slow walking speeds [88] which may become relevant as muscular dystrophy progresses [79] . Thus, triaxial accelerometry, placed at the ankle or wrist, represents a potential tool for the assessment of physical activity in adults with muscular dystrophy, subject to establishing robust reliability, responsiveness and validity in both ambulant and non-ambulant.
Heartrate monitoring may also have potential, particularly for monitoring compliance with, and recording intensity of, prescribed exercise interventions in adults with muscular dystrophy. In this review there were tentative indications for construct validity of Polar devices. They are generalizable and can record frequency, timing and relative intensity of exertion, which is particularly useful for quantifying prescribed activity [89]. However, heartrate monitors cannot differentiate between activity and emotional heartrate responses, thus there is a requirement to collect supplementary information, such as a diary or predetermined personal activity zone heartrates [54, 55] . In addition, reduced heartrate variability in muscular dystrophies [20] might impact the interpretation of heartrate comparisons, especially relative to predicted values. Higher resting and lower submaximal/maximal heartrates have been reported in Duchenne's Muscular Dystrophy [83] and increased sympathetic drive with progressive parasympathetic dampening in Facioscapulohumeral Dystrophy [21] . Similar caution is required for energy expenditure extrapolations from heartrate or accelerometry data due to potentially altered metabolic functioning in adults with muscular dystrophy [18, 19, 90, 91] . Thus, it is advisable to report actual recorded heartrate in beats per minute, or absolute step counts, and to treat extrapolated values with circumspection.
Indirect Measures
The same reservations about energy expenditure extrapolations must be applied to indirect measures that estimate metabolic expenditure. Additional caution is also necessary when interpreting questionnaire scores due to the potential for self-report, re-call and/or social desirability bias, which usually produce overestimations [8]. However, indirect, self-report measures of physical activity for adults with muscular dystrophy are widely generalizable, inexpensive, acceptable and easy to use [9, 11, 12] .
Several standardized questionnaires were identified as having potential in this review. The PASIPD had the strongest evidence supporting its reliability and validity which is consistent with evidence from other populations including strong test-re-test reliability [ [53, 54, 55] . Activity diaries are, therefore, not only useful for monitoring prescribed activity, they may have an application as adjuncts to enhance interpretability of free-living physical activity measurement.
Implications
Clearly, all physical activity measures have limitations, both general and specific to adults with muscular dystrophy. These must be considered in study design and some authors have compiled checklists to aid measure selection [17, 108] . There is also an argument, reflected by the findings of this review, for a multi-measurement approach, where multiple, complementary activity measures are employed, to improve the interpretation of physical activity measurement [14, 15, 16, 80] and potentially improve measurement properties [104, 107] . Recall bias can be neutralised by triangulation with real-time measurement and social desirability responding can be minimised by the knowledge that responses will be verified directly [109] . Recording both relative and absolute activity, by heartrate monitoring and accelerometry or GPS, can enrich physical activity data interpretation and has also been shown to improve measurement properties [110] [111] [112] [113] . Thus, diaries, heartrate monitoring and, possibly, GPS might be suitable adjuncts to standardised questionnaires or accelerometry. A multi-measurement approach is recommended for the assessment of physical activity in adults with muscular dystrophy.
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The current lack of research evaluating measurement properties of physical activity measurement in adults with muscular dystrophy means that authors should be encouraged to report study level reliability and validity of the measures employed in trials or observational studies.
In addition, measure evaluation studies are required to determine the validity, reliability and responsiveness of physical activity measures for use with adults with muscular dystrophy. The evidence, both evaluative and incidental, compiled in this review was predominantly low quality-rated, often linked to sample sizes below the 50-100 participant threshold set by COSMIN for high quality-ratings [27] . Sample size challenges include the rarity of adults with muscular dystrophy and restricting study designs to single diagnoses and/or separating ambulant and non-ambulant [1, 17] . In larger samples, it is also difficult to find an activity measure suitable to encompass activity heterogeneity within and between muscular dystrophic diagnoses [114, 115] and stages of disease progression [116, 117, 118] . Restrictive sampling is advocated for experimental designs [1] . However, to optimise statistical power, a larger, heterogeneous sample (with whole and sub-group analyses) is recommended for future evaluative studies where measurement properties are to be elucidated.
For evaluative research, it is also difficult to identify a gold-standard criterion measure of physical activity. In the wider physical activity literature, criterion measures include calorimetry, accelerometry and direct observation [8, 12, 13, 119] . Due to burden and cost, direct observation and indirect calorimetry are limited to smaller samples and short timeframes (<1 day). Calorimetry by double-labelled water is suitable over a timeframe of 1-2 weeks, but burdensome. Energy expenditure calculations should also be viewed with caution because calorimetry is likely to be impacted by metabolic abnormalities and progressive physiological changes in muscular dystrophy [18, 19, 90] . Whereas, direct observation has inherent content validity [119] and, in this review, it was interpretable and generalizable in 13 studies. Thus, it represents a suitable, initial gold-standard criterion for short-term validation. Accelerometry is generalizable in larger samples and over various timeframes. Thus, accelerometry, with prior validation against direct observation, might represent a suitable criterion against which to validate other activity measures for adults with muscular dystrophy.
Strengths and Limitations
To the authors' knowledge, this is the first systematic review about measurement characteristics and properties of physical activity measures specifically for adults with muscular dystrophy. The review employed a broad, sensitive search strategy, 3 independent reviewers and rigorous COSMIN appraisal. However, there are some limitations. These include, firstly, exclusion of non-English language articles which means relevant articles published in other languages may have been missed. Nevertheless, a recent review of physical activity measures in adults and children with neuromuscular diseases [17] did not identify additional measurement approaches beyond those identified in this review; which suggests no pertinent measures were missed. Secondly, there is potential for bias in phase 1 as only a 10% sample was second reviewed and there was no methodological appraisal. However, the descriptive nature of phase 1 was straightforward, and the methodological quality of the studies did not impact description of the tool. Thirdly, COSMIN methodology was developed for patient-reported outcome measures, and as such, the participant number cut offs may be too stringent for direct measure evaluation where smaller participant numbers can be statistically robust [120] . Finally, risk of reporting bias was introduced by the inclusion of incidental hypothesis testing (indicative of discriminative or convergent relationships for which null findings are less frequently reported) thus the case for construct validity might have been artificially inflated.
Conclusions
Accelerometry, heartrate monitoring, direct observation, calorimetry, GPS, questionnaires and diaries have been used to assess physical activity in adults with muscular dystrophy. They were largely generalizable for adult age ranges, both genders and ambulant and non-ambulant people with a range of muscular dystrophy diagnoses. However, interpretability varied between measures and there was insufficient evidence to support their reliability, validity or responsiveness for use with adults who have muscular dystrophy. Measures identified as having most potential in this review included multi-axial accelerometry and the PASIPD questionnaire. Future evaluative studies of these, and/or other, physical activity measures for use with adults with muscular dystrophy are required. Future evaluative study design should consider direct observation as a fundamental criterion and maximizing sample size. Study design should include an awareness of activity measure limitations (in general and specific to muscular dystrophy) and the potential for improved interpretability by multi-measurement.
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